Summary Nitrogen (N) and lignin concentrations in plant tissues and litter of plants grown in greenhouses or open-top chambers in elevated atmospheric CO 2 concentration were compared with those of plants grown in ambient air in shortterm studies. We also compared the N concentration of plant material of Quercus ilex L. and Q. pubescens Willd. growing in the vicinity of natural CO 2 -springs with that of the same species growing at a control site. In the short-term studies, elevated CO 2 caused significant decreases in tissue N concentration and the extent of the decrease varied with species. Nitrogen amendment of the soil lessened the CO 2 -enrichment effect. Lignin concentration was modified by elevated CO 2 and the effect was species specific, but no general positive or negative trend was evident. A comparison of trees growing under natural conditions near a natural CO 2 -spring and at a control site revealed no site differences in N concentration of the plant material. A comparison of published results on decomposition rates of litter produced in elevated atmospheric CO 2 and in ambient air indicated that CO 2 enrichment can cause both enhancements and decreases of carbon mineralization. We conclude that (1) long-term responses to elevated CO 2 could differ from the results obtained from short-term studies and that (2) biodiversity could be an important factor altering the sign of the feedback on atmospheric CO 2 concentration. We also discuss the implications of our finding of a long-term, inhibitory effect of the initial N concentration of litter on the decomposition rate of litter and its consequence on ecosystem feedback.
Introduction
In response to increasing atmospheric CO 2 concentration, a change in ecosystem carbon (C) storage could have a feedback effect on the accumulation of CO 2 in the atmosphere (Schimel 1995) . In most ecosystems, the majority of total C is sequestered below ground (approximately two-thirds of the terrestrial C storage) and soil processes play a dominant role in the balance among C pools (Eswaran et al. 1993 , Batjes 1996 . The effects of elevated atmospheric CO 2 on the postulated feedback to atmospheric CO 2 concentration and on soil C sequestration caused by changes in mineralization of soil organic matter result from changes in climate and photosynthetic processes (productivity and litter quality). The predicted climate change will have direct effects on microbiological processes, as a result of increases in temperature and changes in water availability. The temperature response functions of the mineralization rates are generally expressed by the Q 10 . Decomposition rates will not be directly affected by an increase in atmospheric CO 2 concentration. The CO 2 concentration in the soil atmosphere greatly exceeds the atmospheric CO 2 concentration (van Veen et al. 1991) , so that a doubling of atmospheric CO 2 concentration is not expected to affect soil microbial activity. The most noticeable consequence of increasing atmospheric CO 2 concentration will be indirect; namely, a modification of the quality of leaf-and root-litter returning annually to the soil. Although N and lignin concentrations are generally greatly affected by exposure to elevated CO 2 , there have been few studies on N transfers from senescent leaves to the parent plant N reserves before abscission or from decaying roots. Mineralization of newly shed annual litter fall accounts for approximately half of the CO 2 output from the soil and this proportion remains stable because of its relatively constant annual input (Coûteaux et al. 1995) . Because this pool represents an important CO 2 source for the atmosphere, any change in its decomposition rate could have a considerable impact on atmospheric CO 2 concentration. Soil C storage represents the balance between inputs of organic material from the biota (i.e., net primary production) and losses through heterotrophic respiration (i.e., decomposition) (Post 1982 , Esser 1990 , Raich and Schlesinger 1992 . If global changes modify the rates of these processes differentially, soil C storage will be altered.
We have focused on the relationship between changes in litter quality and the decomposition process, and soil C storInfluence of increased atmospheric CO 2 concentration on quality of plant material and litter decomposition age. Substrate quality is known to be a driving factor for decomposition. Nitrogen and lignin concentrations, C:N and lignin:N ratios have all been proposed as predictors of decomposition rate (Meentemeyer 1978 , Melillo et al. 1982 , Moore 1984 . The effect of the initial N concentration of plant material on decomposition rate remains controversial. Generally, litter with a high C:N ratio has a low decomposition rate potential (Enriquez et al. 1993) . Nevertheless, there is some evidence that the reverse relationship could prevail in the long term: i.e., litter with a low initial N concentration could decompose at a higher rate than N-rich litter (Berg and Ekbohm 1991 , Coûteaux et al. 1991 , 1996 , Berg et al. 1996 . Thus, C storage could be higher with N-rich litter input than with N-poor litter input (Cotrufo et al. 1998) . This finding contradicts the general assumption that, in response to elevated CO 2 , increased litter C:N ratio would decrease mineralization rates (e.g., Woodward et al. 1991 , Lambers 1993 , Berntson and Bazzaz 1996 .
We compared the tisue nitrogen and lignin concentrations of plants grown in ambient air with those of plants grown in elevated CO 2 and with samples collected near natural CO 2 -springs in order to compare the short-term and long-term effect of atmospheric CO 2 enrichment on litter quality. To evaluate the factors that act on CO 2 release and on the sign of the feedback effect on the accumulation of atmospheric CO 2 , we compared decomposition rates of plant material produced in elevated CO 2 with those of plant material produced in ambient air. Four hypotheses were tested: (1) the quality of the litter produced is modified in response to short-term experimental exposure to elevated CO 2 ; (2) in response to long-term exposure under natural conditions adjacent to a CO 2 -spring, the difference in quality of the litter produced in elevated CO 2 and that produced at the control site is smaller than in short-term experimental studies; (3) decomposition rates are controlled by interactions between the initial N and lignin concentrations of the litter; and (4) any modification of litter quality would affect this interaction and would therefore also affect C storage in the soil.
Data from the literature
Data on litter quality and decomposition rates in an artificially CO 2 enriched atmosphere were collected from 26 species in 20 comparable studies. A total of 159 pairs of measurements (plant material exposed to elevated CO 2 versus plant material in ambient air) were used for statistical analyses. Differences in N concentrations of plant material grown in elevated CO 2 compared with ambient air were tested by the paired Student t-tests, and differences between N concentrations measured in plant material near the natural CO 2 -spring compared with a control site were tested by a t-test for unequal variances. A meta-analysis was performed on those data for which a measure of variation and the number of replicates were reported (Gurevitch and Hedges 1993) . Standard deviations were derived from standard errors when necessary. The magnitude of the effect of size (d+) between experimental and control groups was conventionally considered as ''small,'' ''medium'' or ''large'' for values of 0.2, 0.5 and 1.0, respectively. Any effect greater than 1.0 is referred to as ''very large.''
Change in litter quality

Change in N concentration
Generally, litter produced in a CO 2 -enriched atmosphere with a low supply of soil N is depleted in N. A comparison of 14 studies (Table 1) on trees and herbaceous plants grown in elevated CO 2 or ambient air indicated that, for 18 species, the treatment difference ranged from −2.70 to +0.40% depending on the plant organ (green leaves, litter, roots, senescent roots, stems) and N amendment, with a highly significant mean difference of −0.30% ( Figure 1 , Table 2 ) for a mean N concentration of 1.5% for the controls. The N concentration was significantly lowered by elevated CO 2 in all of the plant organs presented in Table 1 ; however, the difference in N concentration between treatments was significantly higher for green leaves than for litter and roots (P < 0.05), because of the large treatment difference observed by Conroy (1992) for green leaves of cotton (Gossypium hirsutum L.) grown with high N amendment. When cotton was excluded, leaves, litter and roots showed similar treatment differences. The differences were highly significant (P < 0.001) for plants cultivated without N amendment, whereas the significance was lower (P < 0.05) for plant material cultivated with N amendment. For tree litter, elevated CO 2 caused the greatest decrease in N concentration of sweet chestnut litter (50% compared with the control) (Coûteaux et al. 1991 (Coûteaux et al. , 1996 . The mean decrease in N concentration of litter was 16% of the mean N concentration in ambient air.
A meta-analysis on the 30 pairs of data in Table 1 for which standard deviations and number of replicates were given indicated that most of the differences were highly significant (Table 3) . However, the treatment differences for green leaves, shoots and stems were not significant----in contrast to the result of the t-test analysis (Table 2 )----because most of the herbaceous species that were included in the t-test were excluded from the data base for the meta-analysis. All significant effects of size were either large or very large (Gurevitch and Hedges 1993) .
The number of plants that can be used in greenhouse experiments, open-top chambers or FACE (Free-Air Carbon dioxide Enrichment) experiments is limited because of space. In addition the plants are only exposed to elevated CO 2 over a short time. To investigate the long-term effects of elevated CO 2 , Raiesi (1998a Raiesi ( , 1998b analyzed the chemical composition (C, N, acid detergent residue, lignin, cellulose and polyphenols) of litter of two oak species (Quercus cerris L. and Q. pubescens Willd.) growing near a natural CO 2 -spring at Laiatico in the Tuscany region in Italy and at a control site. None of the litter quality parameters was affected by elevated CO 2 . We obtained similar results when we analyzed the N concentration of Q. ilex and Q. pubescens growing at the same sites and at the natural CO 2 -spring at Bossoletto located in the same region (Kurz et al., unpublished data, Table 4 ). At Bossoletto, tree litter was collected in litter traps. At Laiatico, green leaves of Q. ilex and senescent leaves still attached to the trees of Q. pubescens were collected at 1.50 m from the ground in five plots (Plots L1 to L5) along a 500-m transect from the spring to the control site. 
ATMOSPHERIC CO2 INCREASE AND LITTER DECOMPOSITION
The litter was collected from the ground. Most of the treatment differences in N concentration were small and not significant (N in CO 2 -treated plant minus N in control plant = +2% of the control on average). At Laiatico, no trend was evident along the gradient from Plot L1 to Plot L5 ( Table 1. soletto and Laiatico, respectively. Differences between sites were greater than differences between the control and atmospheric CO 2 -enriched plots. These results do not support the finding of N depletion of plant material and litter in response to CO 2 enrichment that has been observed in short-term experimental studies.
Change in lignin concentration
In nine studies on nine tree species and 10 herbaceous species, lignin concentrations ranged from 3 to 29% (Table 5 ). The effect of elevated CO 2 showed no significant general trend (Figure 2 ). Large variations were observed among the tree species: an increase of 62% compared with the control for birch and a decrease of 46% compared with the control for sweet chestnut (Coûteaux et al. 1996) . Cotrufo et al. (1994) and grew birch seedlings in elevated CO 2 or ambient air for one growing season. In one experiment, the lignin concentration of litter from the CO 2 -treated, unfertilized plot was 18% of the lignin concentration of litter from the unfertilized control plot. In another experiment conducted during another year, the lignin concentration of litter from the CO 2 -treated, unfertilized plot was 62% of the lignin concentration of litter from the unfertilized control plot. During the same year, this value decreased to 28% for an NPK-fertilized one-year-old plot. The large difference in response of lignin concentration to atmospheric CO 2 elevation between unfertilized trees grown under similar protocols but different climatic conditions remains unexplained and illustrates the high potential for variation in this parameter. The range of variation among the herbs was lower (−14 to +2%), but the slight mean decrease (−5%) was significant (P < 0.05). Meta-analyses were performed on 15 and 13 pairs of data from Table 5 for the lignin concentration and the lignin:N ratio, respectively (Table 3) . A significant increase in lignin concentration in response to elevated CO 2 was observed for trees, whereas the observed decrease was not significant for herba- (d+)), homogeneity statistic (Q) and number of data pairs (n). Data from 14 studies referenced in Table 1 for N concentration, and from six studies referenced in Table 5 a ** = P < 0.01; *** = P < 0.005; ns = not significant. b N− = without N amendment; N+ = with N amendment.
ceous plants. The size effect (d+) was large and highly significant for trees.
Change in decomposition rates
Effect of initial N concentration of litter on the decomposition process
Data on C and N release from litter produced in elevated atmospheric CO 2 and experimentally decomposed in the laboratory or in the field were compiled from 16 studies conducted from 1991. Of the 60 values for C release, 17 showed negative responses, 15 showed positive responses and 28 showed no effect (Table 6 ). There was no clear link between the sign of the response and species, litter quality, experimental conditions or incubation duration. The mineralization of sweet chestnut litter, obtained from plants grown at a CO 2 concentration twice that of ambient CO 2 concentration was stimulated when soil fauna were added to the litter (Coûteaux et al. 1991 ).
There are several published reports on herbaceous plants showing similar or higher net N release from litter produced in elevated CO 2 compared with litter produced in ambient air.
Discussion and conclusion
Statistical analysis
The effects of elevated CO 2 on litter quality and decomposition are poorly understood and the available data often fail to provide information on the variability and size of the observed population. Although the number of positive, negative or no effects provides a basis for estimating the effect of an environmental modification and for detecting the possible resulting responses, a conventional statistical approach offers a more objective view of the validity of the conclusion. The t-test on mean data comparing experimental results with a control can be used as a tool; however, the same weight is given to each study regardless of number of replicates and level of precision. Meta-analysis normalizes this discrepancy among studies and provides a summary of the magnitude and the direction of an effect taking into account the sample size of each study. Unfortunately, the number of suitable data pairs is far less than that in the whole set, because variance data and number of replicates have to be included in a meta-analysis. In our review, of the 73 published comparisons on N concentration, only 30 were complete and could be used for the meta-analysis; for the data on lignin and lignin:N, only 15 and 13 comparisons were usable, respectively.
Role of the interaction between N and lignin
The initial litter quality, especially the initial N and lignin concentrations, plays a critical role in the decomposition process. Enriquez et al. (1993) reviewed 256 studies and found that a high N concentration was associated with a high rate of decomposition for a large range of biotopes including aquatic biotopes. In contrast, the data on decomposition of leaves of broad-leaved deciduous trees did not show any correlation with initial N concentration. Several studies (Schaefer et al. 1985 , Taylor et al. 1991 , Gallardo and Merino 1993 , Gillon et al. 1994 , Prescott 1995 have also shown no significant effect of initial N concentration on decomposition rate, whereas other studies (Berg and Ekbohm 1991 , Coûteaux et al. 1991 , Berg et al. 1996 have shown that enhancement of decomposition as a result of a high initial N content was transient and was reversed at a later stage. These discrepancies among studies are probably associated with different experimental conditions, especially the duration of the experiment. Decomposition of litter with a high initial N content would be enhanced during the early stage because increased availability of N would favor growth of fast-growing microflora feeding on labile compounds. Thus, short-term experiments will generally show a positive effect of N on decomposition. In the long term, however, biological interactions with N or chemical binding of N could lead to a negative effect of N on decomposition rates (Fog 1988) . The mechanism underlying this negative effect is probably associated with biological interactions with N. If high availability of N favors fast-growing microorganisms over slowgrowing microorganisms, then the high rate of decomposition during the early stage of decomposition could be accounted for by fast-growing microorganisms metabolizing the easily decomposable material in N-rich litter. However, in N-poor conditions, growth and activity of white-rot fungi may be stimulated, as suggested by the studies of Keyser et al. (1978) on Phanaerochaete chrysosporium Burds., and decomposition of lignin by these fungi will only proceed if the energy required for the degradation of stable bonds is available. It is likely that, at this stage, cellulose is degraded by cellulolytic microorganisms supported by N release from dead microbial biomass and from N-phenolic complexes, whereas lignin and lignified cellulose is degraded by lignolytic microorganisms (Coûteaux et al. 1998) . These biological and chemical interactions presumably act together to increase C mineralization in N-poor litter. Litter quality controls the distribution of N. In N-rich litter more N is associated with labile compounds than is temporarily immobilized in stable residues. Litter quality plays an essential role in the distribution between the ''residues'' pool and the more labile compounds directly used by the ''microbial biomass'' pool. Lignin and lignin degradation compounds tend to accumulate in the ''residues'' pool. The organic N linked to these complexes becomes partly refractory. Thus the soil organic matter contains stabilized fractions including N-rich compounds derived from the degradation of microbial walls and N linked with lignin degradation compounds derived from the plant residues. Relatively few organisms, essentially represented by the Basidiomycetes, (the white rot fungi) are able to degrade this recalcitrant material. Their activity is favored in an environment that is poor in inorganic N with low microbial competition.
The interaction between N and lignin needs to be accounted for in soil organic matter (SOM) models. Most models consider that there is a negative relationship between lignin:N and decomposition rate (Parton et al. 1987) . We suggest that a more complex pattern should be considered in which N concentration affects the various SOM compartments differently, stimulating the decomposition of the most labile compartments during the initial stage of decomposition and inhibiting the decomposition of the recalcitrant compartment during the final stage of decomposition.
We conclude that, at the global scale, even a small change in the equilibrium of CO 2 exchange between atmosphere and ecosystems could substantially alter the atmospheric CO 2 concentration. Therefore, a highly detailed understanding of how the soil acts as a local source or sink is an essential step in climatic change research. The relationship between plant physiology and soil biology also needs further clarification to determine how the quality of the plant material governs soil N Franck et al. 1997 and C fluxes and how soil processes control plant N nutrition. We found a significant but slight depletion of N in response to experimentally elevated atmospheric CO 2 , but no N depletion was observed in response to long-term exposure near natural CO 2 -springs. Lignin showed both decreases and increases in response to elevated CO 2 . The indirect effect of the elevated-CO 2 -induced change in litter quality on the rate of decomposition also remains to be elucidated.
